Sjögren syndrome (SS), a chronic autoimmune disorder causing dry mouth, adversely affects the overall oral health in patients. Activation of innate immune responses and excessive production of type I interferons (IFNs) play a critical role in the pathogenesis of this disorder. Recognition of nucleic acids by cytosolic nucleic acid sensors is a major trigger for the induction of type I IFNs. Upon activation, cytosolic DNA sensors can interact with the stimulator of interferon genes (STING) protein, and activation of STING causes increased expression of type I IFNs. The role of STING activation in SS is not known. In this study, to investigate whether the cytosolic DNA sensing pathway influences SS development, female C57BL/6 mice were injected with a STING agonist, dimethylxanthenone-4-acetic acid (DMXAA). Salivary glands (SGs) were studied for gene expression and inflammatory cell infiltration. SG function was evaluated by measuring pilocarpine-induced salivation. Sera were analyzed for cytokines and autoantibodies. Primary SG cells were used to study the expression and activation of STING. Our data show that systemic DMXAA treatment rapidly induced the expression of Ifnb1, Il6, and Tnfa in the SGs, and these cytokines were also elevated in circulation. In contrast, increased Ifng gene expression was dominantly detected in the SGs. The type I innate lymphoid cells present within the SGs were the major source of IFN-γ, and their numbers increased significantly within 3 d of treatment. STING expression in SGs was mainly observed in ductal and interstitial cells. In primary SG cells, DMXAA activated STING and induced IFN-β production. The DMXAA-treated mice developed autoantibodies, sialoadenitis, and glandular hypofunction. Our study demonstrates that activation of the STING pathway holds the potential to initiate SS. Thus, apart from viral infections, conditions that cause cellular perturbations and accumulation of host DNA within the cytosol should also be considered as possible triggers for SS.
Introduction
The etiopathogenesis of Sjögren syndrome (SS), a chronic autoimmune disorder mainly affecting the exocrine glands, especially the salivary and lacrimal glands, is not clear. The disease shows a strong female predominance and manifests clinically during the postmenopausal years (Brito-Zerón et al. 2016) . It is clear that genetic susceptibility, environmental factors such as viral infections, dysregulated immune responses, and sex hormones strongly influence the development of SS.
A characteristic feature of SS is an elevated type I interferon (IFN)-responsive gene signature, which is indicative of heightened type I IFN production and innate immune activation (Kiripolsky et al. 2017) . Engagement of endosomal Tolllike receptors (TLR3, TLR7, and TLR9), cytosolic RNA sensors (RIG-1, MDA5), and a multitude of cytosolic DNA sensors hold the potential to induce the expression of type I IFN (Roers et al. 2016) . Previous work from our laboratory has demonstrated that poly (IC), a dsRNA mimic of viral nucleic acids, induces acute salivary gland (SG) dysfunction and accelerates the development of SS in mouse model systems (Deshmukh et al. 2009; Nandula et al. 2011) . Poly (IC) induces the production of type I IFN and proinflammatory cytokines through the activation of TLR3 and the cytosolic RNA sensors (Cheng and Xu 2010) . These findings support the hypothesis that viral infections of SGs might be responsible for initiating SS.
DNA viruses belonging to the Herpesviridae family, particularly Epstein-Barr virus and human herpes virus 6, have long been suspected as etiological factors for SS (Brito-Zerón et al. 2016) . The nucleic acids from these viruses are recognized by DNA sensors present in the nucleus as well as in the 760855J DRXXX10.1177/0022034518760855Journal of Dental ResearchActivation of Stimulator of Interferon Genes and Sjögren Syndrome research-article2018 cytoplasm. Many of these sensors converge downstream and activate the stimulator of interferon gene (STING) protein (Barrat et al. 2016) . STING is an endoplasmic reticulum (ER)-associated protein encoded by the TMEM173 gene (Ishikawa and Barber 2008) . The major pathway for STING activation involves the recognition of cytosolic DNA by the enzyme cyclic GMP-AMP synthase (cGAS), which leads to the synthesis of the STING agonist 2′3′-cGAMP (Ablasser et al. 2013) . Upon binding its agonist, activated STING translocates from the ER to a perinuclear ER intermediate Golgi complex, where it recruits a serine/threonine-protein kinase, Tank Binding Kinase 1, (TBK1) (Tanaka and Chen 2012) . Activated TBK1 phosphorylates interferon regulatory factor 3 (IRF3), which dissociates from this complex, enters the nucleus, and induces the transcription of type I IFNs. In addition, STING has also been shown to activate the nuclear factor (NF)-κB pathway and induce the transcription of proinflammatory cytokines (Abe and Barber 2014) .
The nucleic acids activating the cGAS-STING-IRF3 pathway could be of microbial origin, or they could be from the host mitochondria and nucleus. In the absence of appropriate functioning of cytoplasmic DNA-degrading enzymes, DNA can accumulate in the cytosol and lead to excessive type I IFN production with pathological consequences (Yan 2017) . In humans, hyperactivation of STING has been associated with immune disorders such as Aicardi-Goutières syndrome, chilblain lupus, and STING-associated vasculopathy with onset in infancy (SAVI). Although the role of STING activation in SS has not been formally investigated, indirect evidence suggests its possible involvement in this disorder. The interferon-inducible protein 16 (IFI16) is a DNA sensor protein that binds STING and is also critical for the activation of STING (Almine et al. 2017) . SS patients show considerable upregulation in the expression of IFI16 . The aberrant expression of IFI16 in SS patients has been suspected to be the cause for the production of anti-IFI16 autoantibodies, and their presence is associated with markers of severe disease (Baer et al. 2016) . Thus, to investigate whether STING pathway activation is involved in the pathogenesis of SS, in this study, we activated STING with its agonist dimethylxanthenone-4-acetic acid (DMXAA) and investigated the development of SG disease in mice.
Materials and Methods

Mice
All mouse experiments were approved by the Institutional Animal Care and Use Committee, involved humane practices, and followed ARRIVE guidelines. Female C57BL/6 (B6) mice were obtained from Jackson Laboratories and maintained under specific pathogen-free conditions. Female mice (10 to 12 wk old) were injected subcutaneously with (20 mg/kg body weight) DMXAA (Bio-Techne) dissolved in 5% sodium bicarbonate solution. For long-term experiments, the mice received 2 injections (days 0 and 21). The dose of DMXAA was based on previously published literature (Bellnier et al. 2003; Wang et al. 2009; Peng et al. 2011) . Control mice were injected similarly with the vehicle alone.
Saliva Measurement
Pilocarpine-induced saliva was measured as described previously (Bagavant et al. 2018) . Briefly, mice were injected with pilocarpine (0.375 mg/kg body weight), and saliva was collected by placing a highly absorbent piece of sponge (Salimetrics) in the animal's mouth for 15 min. The weight of saliva produced (mg) was calculated as the difference between the dry and wet sponge weights.
Gene Expression Analysis
Expression levels of different genes in submandibular SG and primary SG cells were analyzed by real-time polymerase chain reaction (PCR) employing TaqMan assays (Applied Biosystems) as described previously (Nandula et al. 2011) .
Immunohistochemistry
Submandibular SGs were collected in 10% buffered formalin. Paraffin-embedded tissue sections were stained with hematoxylin and eosin (H&E) and evaluated for inflammatory cell infiltrates as described previously (Nandula et al. 2011) . For analysis of STING expression, 3-µm sections were deparaffinized and rehydrated, and antigen retrieval was carried out at acidic pH. The slides were incubated overnight with rabbit anti-STING (Cell Signaling Technology). Control sections were incubated with an equal concentration of purified rabbit IgG. SignalStain boost IHC reagent (Cell Signaling Technology) was used to detect bound rabbit antibodies, and the reaction was developed with diaminobenzidine (DAB).
Cytokine Analysis
Enzyme-linked immunosorbent assay (ELISA) kits were used to estimate serum levels of IFN-β (BioLegend) and IFN-α (Life Technologies). The levels of serum interleukin (IL)-6, IFN-γ, and tumor necrosis factor (TNF)-α were measured by using a Luminex bead-based multiplex assay (R&D Systems).
Cells
Primary SG cells were harvested from submandibular SGs of 10-to 12-wk-old female B6 mice and STING -/-mice (Ishikawa and Barber 2008) and cultured in conditioned media as described by Baker et al. (2008) . At all time points, ROCK inhibitor Y-27632 at a concentration of 10 µM was used in the culture medium (Liu et al. 2017) . The epithelial nature of the cells was confirmed by staining for pan-cytokeratin. Cells at passages 2 to 4 were used for all experiments.
Innate Lymphoid Cell Analysis
Single-cell suspensions from submandibular SGs were prepared and stained with the combination of antibodies described by Gasteiger et al. (2015; Appendix Table 1 ). Zombie aqua fixable viability kit (BioLegend) was used for live/dead cell discrimination. A cocktail of PE-labeled antibodies to CD3, CD5, CD19, TCRγδ, TCRβ, FCεRI, and CD8α was used to exclude lineage (Lin)-positive cells in the CD45 gate. For detecting IFN-γ production, SG single-cell suspensions were treated with ionomycin (1 µg/mL) and either 0.3 nM or 1 nM phorbol myristate acetate (PMA) for 6 h in the presence of Brefeldin A. The cells were then stained for surface markers as above, followed by intracellular staining for IFN-γ. Data were acquired on an LSR II flow cytometer equipped with Diva software (BD Biosciences) and analyzed with FlowJo (FlowJo LLC).
Statistical Analyses
To determine statistical significance, 2-tailed unpaired Student's t test was used. P < 0.05 at 95% confidence interval was considered significant. For samples not passing normality test, the Mann-Whitney test was used. One-way analysis of variance (ANOVA) was used to compare more than 2 groups of experimental conditions. Correlation analysis was carried out using Pearson test. All analyses were carried out using GraphPad Prism (GraphPad Software).
Results
Proinflammatory Effects of DMXAA Treatment on SGs
DMXAA is an agonist for murine STING (Prantner et al. 2012; Conlon et al. 2013) , and it induces strong in vitro and in vivo proinflammatory responses (Shirey et al. 2011) . Thus, to investigate the effects of systemic STING activation on SGs, expression levels of different proinflammatory cytokine genes in submandibular glands were measured (Fig. 1) . Compared to the vehicle-treated mice, DMXAA-injected mice showed significant increases in the expression of Il6 (115X), Tnfa (20X), Ifng (23X), Ifnb1 (6X), and Il12p40 (25X). The differences in expression levels of Il12p35 (0.66X) and Il18 (2.1X) were statistically not significant. A considerable upregulation was observed in the expression of type I IFN responsive gene Mx1 (250X).
Since DMXAA treatment is known to cause a spike in systemic cytokine levels (Wang et al. 2009 ), levels of circulating type I IFNs and proinflammatory cytokines were also measured (Appendix Fig. 1) . A significant increase in levels of circulating IFN-α, IFN-β, IL-6, and TNF-α was seen in the DMXAA group. Although circulating IFN-γ levels were not significantly different between the 2 groups, 1 of 6 mice treated with DMXAA showed some elevation. Collectively, these data demonstrate that in addition to the expected systemic responses, DMXAA treatment also induced inflammatory mediators within the SGs.
STING Expression in Murine Submandibular Glands
The elevated Ifnb1 gene expression in submandibular glands was suggestive of STING activation within the tissue. However, information on the expression of STING and its function in SG has been lacking. Therefore, immunohistochemical staining for STING expression was performed in formalin-fixed, paraffin-embedded submandibular SG sections from normal female B6 mice (Fig. 2) . Cells in the interstitial regions, in between the SG acini, showed the most prominent staining for STING. Weaker staining was also seen in the cytoplasm of the ductal epithelium. Acinar cells failed to show significant STING expression. No staining was observed in sections obtained from STING -/-mice (right panel) and section from B6 mice incubated with isotype control (left panel).
The expression of STING in cells of SG origin was further confirmed in cultured murine primary SG epithelial cells by Western blots (Appendix Fig. 2) . Although in this study we have not investigated STING expression in human SG, STING protein was readily detected in the immortalized A253.1 cell line from human submaxillary gland.
STING Activation in Primary SG Cells
Having confirmed that STING is expressed in cultured primary SG cells, we investigated whether it can be activated in these cells. To investigate STING activation, murine primary SG cells were treated in vitro with DMXAA. By 2 h posttreatment, RNA expression for Ifnb1 was significantly upregulated in DMXAA-treated cells (Fig. 3A) , and they secreted IFN-β (Fig. 3B) . Primary SG cells cultured from STING -/-mice did not upregulate the expression of Ifnb1 (Fig. 3C ). In the canonical pathway, activation of STING leads to the phosphorylation of TBK1 and IRF3. Both of these proteins were phosphorylated in DMXAA-treated primary SG cells (Appendix Fig. 3) .
Collectively, these data demonstrate for the first time that the STING-TBK1-IRF3 axis can be activated in SG cells, and it leads to the production of IFN-β.
DMXAA Treatment Affects SG Innate Lymphoid Cell 1 Population
Within 4 h of DMXAA treatment, a considerable increase in the expression of Ifng was seen in submandibular glands (Fig. 1) . This upregulated expression of Ifng was also evident 3 d following DMXAA treatment (Appendix Fig. 4) . By this time, the expression of type I IFN responsive gene Mx1 had returned to the baseline. The rapid induction of Ifng in SGs was suggestive of the involvement of innate cells, specifically innate lymphoid cell 1 (ILC1), in this process. Therefore, submandibular SGs were studied by flow cytometry for ILC1s, identified as NK1.1 + cells within the CD45 + Lin -, live lymphocyte gate (Fig. 4) . By day 3 after injection, DMXAA-treated mice showed a significant increase in the frequency of NK1. (Cortez and Colonna 2016) . As shown in Figure 4 , the predominant increase in NK1.1 + cells following DMXAA treatment was accounted for by the increase in the SG-specific ILC1s. The other 2 subsets, tissue ILC1 and NK cells, were not significantly different between the DMXAA-treated mice and vehicle-treated controls.
To determine whether ILC1s were the source of the local IFN-γ expression, SG cell suspensions were stimulated with PMA and ionomycin in the presence of Brefeldin A. Intracellular staining for IFN-γ showed that all the NK1.1 + cell subsets readily produced IFN-γ compared to vehicle-treated controls at low PMA concentrations (Appendix Fig. 5 ). At higher doses of PMA, both DMXAA-and vehicle-treated groups showed comparable IFN-γ production in the NK cell (CD49a -CD49b + ) subset. However, even at the higher PMA concentration, frequencies of IFN-γ producing cells in both tissue ILC1 and SG-specific ILC1 subsets were higher in the DMXAA-treated mice. 
Treatment of Mice with DMXAA Induces SG Disease
To investigate the consequences of STING activation on SG disease, mice were treated twice (days 0 and 21) with DMXAA or the vehicle. Mice were euthanized at 2 time points (1 and 2 mo post treatment), and submandibular SGs were analyzed for the presence of inflammatory cell infiltrates. Representative pictures of H&E-stained submandibular glands from unaffected vehicle controls and DMXAA mice with multiple lymphocytic foci are shown in Figure 5A . In the DMXAA-treated group, 10 of 21 (47.6%) mice showed evidence for sialoadenitis, whereas only 1 of 17 (5.8%) vehicle-treated mice had inflammatory foci within their SGs (Fisher exact test P = 0.009) (Fig. 5B ). The differences in the incidence and severity of sialoadenitis in SGs analyzed at 1 mo or at 2 mo posttreatment were statistically not significant.
To determine whether the presence of inflammatory cell infiltrates within the submandibular glands affected glandular function, pilocarpine-induced saliva production was measured. As shown in Figure 5C , compared with the untreated and the vehicle-treated mice, DMXAA-treated mice produced a significantly reduced amount of saliva (P = 0.001). Furthermore, the loss of function inversely correlated with the degree of inflammation within the SGs (Fig. 5D) . Surprisingly, although a higher trend in severity of lacrimal gland inflammation was seen in DMXAA-treated mice, it did not reach statistical significance (Appendix Fig. 6 ).
Discussion
In this study, to address the possible involvement of cytosolic DNA sensor pathways in the pathogenesis of SS, we activated STING with its well-established agonist DMXAA. Our data demonstrate that mice treated with DMXAA had elevated expression of type I IFNs and proinflammatory cytokines, both systemically and within the SGs, and the mice developed some of the critical features of the human disease (i.e., SG inflammation and hypofunction).
DMXAA is a flavone acetic acid derivative that was developed as an antitumor agent (Zhou et al. 2002) . It binds to murine STING in a way similar to that of the endogenous agonist (Gao et al. 2013 ) and activates the TBK1-IRF3 axis to induce potent IFN-β production. In addition, engagement of STING by DMXAA also activates the canonical and the noncanonical NF-κB pathways and thereby induces the expression of proinflammatory cytokines. In our study, within 4 h, systemic treatment of mice with DMXAA caused a significant increase in the levels of circulating IFN-α, IFN-β, IL-6, and TNF-α, as well as increased the expression of proinflammatory cytokine genes within the SGs.
Within 3 d, the number of ILC1s in SGs of DMXAA-treated mice increased significantly. This might be through the rapid division of these cells, since the expansion of ILC1s in nonlymphoid organs is mainly dependent on the tissue resident pool (Gasteiger et al. 2015) . The ILC1s were the main source of rapidly upregulated Ifng expression within the SGs. A recent study has demonstrated that type I IFNs, produced following infection with murine cytomegalovirus, activates tissue resident ILC1s to rapidly produce IFN-γ (Weizman et al. 2017) . While this activation of ILC1s helps in the early control of viral infections, our study suggests the possibility of their involvement in inducing SG disease. The production of both type I and type II IFNs within the SGs following STING activation caused significantly upregulated levels of IFN-induced chemokines Ccl2, Cxcl9, and Cxcl10 (Appendix Fig. 7 ). These chemokines can attract CCR2 + and CXCR3 + cells and could initiate the formation of lymphocytic foci within the SGs. Indeed, 4 wk after DMXAA treatment, the submandibular SGs showed the presence of lymphocytic foci, and the mice had developed glandular hypofunction. Furthermore, the severity of lymphocytic infiltration inversely correlated with saliva production. . Data from 2 independent experiments are shown as mean ± SD fold change in gene expression over no drug control (0), which was considered a baseline. (B) Supernatants from either DMXAA (10 µg/ mL, 4 h) or vehicle-treated primary SG cells were used to estimate interferon (IFN)-β by enzyme-linked immunosorbent assay. Data are shown as mean ± SD of IFN-β pg/mL levels determined in 2 independent experiments (4 biological replicates). Mann-Whitney test was used to determine the statistical significance. LOD, limit of detection. (C) DMXAA does not induce Ifnb1 upregulation in primary SG cells from STING -/-mice. Data are shown as mean ± SEM from 3 independent experiments. Poly (IC) at a concentration of 1 µg/mL was used as a positive control.
SG epithelial cells are considered to play an important role in the etiopathogenesis of SS (Manoussakis and Kapsogeorgou 2010) . DNA viruses infecting these cells can activate innate immune responses and initiate inflammatory cell infiltration. However, for this thesis to work, the STING pathway has to be functional within the salivary gland cells. Thus, the expression and function of STING in salivary gland cells were investigated in depth. Our study shows for the first time that STING is expressed in ductal cells. This observation was confirmed by using primary SG cells. The treatment of these cells with DMXAA induced significantly upregulated expression of Ifnb1 and Tnfα, and the cells secreted IFN-β. Furthermore, transfection of primary SG cells with cGAMP, the canonical endogenous ligand for STING, readily induced IFN-β production (Appendix Fig. 8 ). Collectively, these data establish for the first time that the STING-TBK1-IRF3 axis is active in SG cells and induces type I IFN production.
There are several spontaneous and induced mouse models for SS, and each of them recapitulates certain features of the disorder (Park et al. 2015 ). The experimental model described in this study satisfies the current classification criteria established for primary SS (Shiboski et al. 2017) . The mice show the presence of lymphocytic infiltrates within the SGs, and they develop glandular hypofunction. These 2 features together meet the cutoff score required for positive classification of SS. However, there are some limitations of this model in mimicking the complete disease in patients. Anti-Ro and antiLa antibodies were not detectable in the sera of DMXAAtreated mice. Instead, the mice showed elevated levels of antinuclear antibodies (Appendix Fig. 9 ), a feature more common in lupus patients. Thus, we investigated the mice for development of kidney disease or other organ involvement. None of the mice showed evidence for glomerulonephritis (Appendix Fig. 10 ), although several mice showed the presence of inflammatory cells in the lungs. Considering that some SS patients show lung involvement as an extraglandular manifestation (Roca et al. 2017) , it is possible that our model system represents a group of SS patients with concomitant involvement of SGs and lungs.
The elevated type I IFN gene signature in SS patients has led to the hypothesis that viral infections might be responsible for initiating SS (Kivity et al. 2014; Lucchesi et al. 2014 ). The demonstration of hepatitis delta virus in the SGs of SS patients (Weller et al. 2016) provides strong support to the thesis that viral infection of SGs may influence the pathogenesis of SS. Alternatively, endogenous DNA accumulating in the cytosol holds the potential to initiate SS. SGs from SS patients show elevated expression of long interspersed nuclear element 1 (LINE-1) (Mavragani et al. 2016 (Mavragani et al. , 2017 . Thus, LINE-1, as well as leaky nuclear and mitochondrial DNA, can be potentially involved in the etiopathogenesis of SS. It is plausible that SS patients may be genetically prone to such defects, which might manifest during aging, explaining the late onset of the disease. 
